Introduction & Background
Dialkyl and diarylphosphinates (R2PO2 − ) are versatile ligands which find applications in widely differing areas. The facility with which they form polynuclear complexes allows them to recognise and bind strongly to arrays of metal atoms in the surfaces of minerals or lightly corroded metals ( Figure 1 ) and they have been used extensively in surface engineering as corrosion inhibitors [1, 2] , lubricant 2 additives [3] [4] [5] [6] , mineral flotation agents [7] [8] [9] [10] and as adhesion promoters [11, 12] .
Dialkylphosphinates have also been used to obtain high loadings of metals into polymers to increase flame retardancy [13] . It is also possible to form metal organic frameworks (MOFs) from polyphosphinic acids [14, 15] .
Figure 1.
A binding motif which allows phosphinate-attachment to a mineral surface.
Their ability to form stable complexes in solution, particularly with borderline or hard metal cations, is exploited in extractive hydrometallurgy using solvent extraction to achieve the concentration and separation of particular metals [16, 17] . The propensity of phosphinic acid proligands to form dimers in the water-immiscible solvents used in these processes (usually high boiling hydrocarbons), retaining inter-ligand hydrogen bonding in metal complexes ( Figure 1 ) [18, 19] and their tendency to form polynuclear complexes [20] at high metal loadings makes the determination of the structures of the complexes formed challenging. It is even more difficult to determine the structures formed at the surfaces of metals and minerals. In order to define what structures are possible and to provide input structures for computational modelling of the complexes formed in solution and at interfaces, we have analysed the solid-state structures of phosphinates deposited in the Cambridge Structural
Database [21] . [18, 19, 22] .
The aim of this review of solid-state structures is to identify the preferred types of coordination shown by simple phosphinates in which the metal-binding mode is not constrained by the group being present in chelating units containing other types of donor groups. For this reason complexes containing multidentate/macrocyclic ligands and polyphosphinic acids were not included in the structural analysis. In the discussion of the various structural motifs found in the CSD, we focus on complexes of phosphinates containing at least one P-C (alkyl or aryl) bonds. Complexes of mono alkyl or aryl phosphinates RXPO2 − with X = H are included but not those where X is an electronegative atom because this is likely to influence the mode of coordination of the O=P-O − unit in "simple"
organophosphinates.
Given the versatility of phosphinate ligands, a number of different binding modes might be expected.
The more obvious motifs involving monomeric phosphinate ligands (R2PO2 − ) are shown in Figure 3 and those for the monoanionic dimeric form (R2PO2H. R2PO2 − -see Figure 2 ) are displayed in Figure 4 . Twelve different coordination modes of phosphinate ligands classified using the Harris notation [23] : In "n.xy", "n" defines the number of metals bound to each ligand and the subsequent two digits, "x" and "y", indicate how many metal atoms are bonded to each of the two oxygen atoms.
Figure 4.
Six different coordination modes of dimeric forms of phosphinate ligands in which an intraligand H-bond is retained (see Figure 2 ). In these motifs "n.wxyz" is used to define the total number of metals bound ("n") and "w", "x", "y" and "z" indicate how many metal atoms are bonded to each of oxygen atoms labelled "1", "2", "3" and "4" in the proligand shown at the top-right of the figure.
Structural motifs in which a metal ion is bound to an oxygen atom carrying a proton (an example is shown in Figure 5 ) are not included in Figures 3 and 4 . It is unlikely that a phosphinate oxygen atom can bond effectively to both a proton and a metal cation and indeed no example of such a motif is found in the CSD. 
Occurrences of the various motifs in the CSD
Ten of the eighteen possible modes of coordination shown in Figures 3 and 4 , those enclosed in boxes, were found in the 552 metal phosphinate complexes retrieved from the Cambridge Structural Database (CSD).
By far the most common binding mode is the dinucleating form, 2.11, marked as motif E in Figure 3 . This is present in both discrete molecular complexes and in oligomeric and polymeric structures. The number of occurrences of each motif is displayed in Figure 6 for simple complexes. As many complexes containing phosphinate ligands display more than one binding mode, the total number of occurrences (358) exceeds the number of complexes analysed or discussed in this review which is limited to "simple complexes" which do not contain the phosphinate group in a chelating unit or in a polyphosphinate (see introduction). A list showing which CSD entries contain the different binding motifs is provided in the appendix at the end of the review. The binding mode 1.1001 (motif M, Figure 4 ) contains an 8-membered pseudochelate ring and is thought to be a common form in solution [18, 19, 22] when phosphinic acids are used in metal-recovery by solvent extraction. However, it is not a particularly common occurrence in the solid-state structures recorded in the CSD. This may in part be a consequence of the reagents most commonly used in solvent extraction, which have large multiply branched alkyl groups to enhance solubility in hydrocarbons, but which in turn militates against the isolation of crystalline solids needed for single crystal X-ray structure determination. Consequently, this motif may be under-represented in the data set. 
Mononucleating motifs:
The simplest mode of binding, using the monodentate (mononucleating) 1.10 motif (A in Figure 3 ), is commonly found in complexes which also contain phosphinates with binding motifs that bridge metal ions, resulting in the formation of polynuclear complexes. This scenario, along with motif A H-bonding to another neutral phosphinic acid (motif 1.1001, M in Figure 4) (Figure 7 ). The monodentate coordination expressed by motif A places minimal restrictions on the coordination geometry adopted by the metal, and consequently a wide range of geometries around the metal (including trigonal bipyramidal, square pyramidal, square planar, tetrahedral and octahedral structures, Figure 7 ) is observed. are also shown. a Only one of the two crystallographically independent complexes is shown. forming two π contacts with mesitylene groups present in both the phosphinate and aryl ligands. The
-LANSAU ( Figure 10 ) was prepared by oxygenation of [{Pd(μ- 
Dinucleating motifs:
The only example of the 2.20 phosphinate motif (D in Figure 3 ) is part of the more complicated motif N ( Figure 4 ) in which it is hydrogen-bonded to a neutral phosphinic acid ligand [37] -KAMXUS . This structure and examples of the related motif M are discussed in more detail below.
The symmetrical µ2-bridging motif 2.11 (E in Figure 3 ) is the most prevalent in the CSD and is present in many clusters and polymers and networks showing a wide range of structural forms.
The only dinuclear complex in the CSD which contains just one motif E bridge between two metal
-QAXWOB . This is atypical of dinuclear structures, being unsymmetrical and having a neutral phosphinic acid coordinated to one of the zirconium atoms Figure 11 ). This allows both Zr(IV) atoms to have an octahedral O6 donor set in a neutral complex. Figure 11 
The two trinuclear complexes shown in Figure 12 
-IPACUX , which contain bridging (motif E) phosphinate units, and in the tin complex also a μ3-O and two μ2-OH bridges.
In the tetranuclear tin complex
[45] -JUMKOR ( Figure 13 ) the outer pairs of n-butyltin units are linked by two motif E diphenyl phosphinates and a bridging hydroxide ion whilst the central pair has the just two motif E diphenyl phosphinate bridges. Such an arrangement allows all four tin atoms to adopt similarly distorted octahedral geometries. 
The dinucleating motif E is also found in a large variety of cluster structures. These frequently contain Figure 14 has four of the cubane faces occupied by the phosphinate anion, 2,3-dihydro-1H-isophosphindole-2,2-dioxidate. The two "bare" faces have Mo...Mo distances (see Figure 15 ) consistent with metal-metal bonding and the presence of oxo groups on all the metal atoms allows these to be assigned as Mo(V). This feature is common to seven other phosphinato-Mo4O4 clusters [47] -AQOHUK, AQOJAS, [49] -GACTAI, [50] -KAPTOM, KAPTUS, [51] -NOBZAG, [52] -RAMXIN, RAXMIN01, [53] -SEBLAM, [54] -YAYXED . Despite having considerably different phosphinate ligands bridging the pairs of molybdenum atoms, the unbridged diagonals on the cubane unit have short Mo…Mo contacts distances falling in a fairly narrow range: 2.609 -2.647 Å (see Figure 15) . In the tetranuclear manganese complex, Figure 14 ) the Mn…Mn distances are too long to be associated with any significant bonding interactions. An analysis of the structure led the authors to conclude that the compound is an example of a "mixed-valence Mn(III)/Mn(IV) 
Pentanucleating motifs:
A phosphinate functioning as a pentanucleating ligand is found in three complexes [74] -FEQFEN, [75] -DUGHIY, [76] Figure 22 ) the diphenylphosphinate displays the 5.32 motif (K in Figure 3 ). The complex was obtained when a HornerWittig reagent, the lithium derivative of (Ph2P=O)2CH2, was exposed to oxygen. The diphenylphosphinate formed is bound to five lithium atoms in the centre of the cluster and the bis(diphenylphosphinoyl)methanido carbanions which were present in the parent Horner-Wittig reagent are attached to either three or two lithium atoms. Complexes of H-bonded phosphinic acid/phosphinate units. Figure 4 ) allows phosphinic acid dimers to retain an intermolecular hydrogen bond when one of the acidic hydrogen atoms is replaced by a metal cation (see Figure 2 ). Phosphinic acids form one of the most stable types of organic acid dimers [85] , both in solution [86] and the gas phase [87, 88] . The high dimerization enthalpy determined for dimethyl phosphinic acid (100 kJ mol Whilst motif M is relatively uncommon in the solid-state structures (there are 7 occurrences in the CSD), it is thought to be an important form in the hydrocarbon solvents used in commercial metal solvent extraction processes [16, 17] . The strong H-bond acceptor capability of phosphinates also allows them to act as "outer sphere"
The 1.1001 motif (M in
ligands. An example [96] -BUNFAS is shown in Figure 32 in which the three μ2-hydroxy groups in the Bridging to generate oligomeric or polymeric complexes is more common than the formation of mononuclear complexes. There are only 3 examples of the latter in which a phosphinate forms a 4-membered chelate (a in Figure 33 ). Non-chelating monodentate binding is more common and this is often stabilised by the uncoordinated oxygen atom of a phosphinate interacting with a H-bond donor group in an adjacent ligand as illustrated in (b) in Figure 33 . Examples of such behaviour include neutral phosphinic acid molecules, and this is thought to facilitate transport into a water-immiscible solvent in liquid:liquid extraction processes by generating hydrophobic complexes in which the outer sphere is largely composed of the alkyl or aryl groups on the ligands. The most common binding mode, motif E, is frequently found in phosphinate complexes that also have a μ-hydroxy or oxo group bridging the metal centres (see (c) in Figure 33 , examples of which can be found in Figures 11, 12 , 13, 14, 16 and 32 above). Such subunits provide very plausible models for the attachment of phosphinates to oxidised metal surfaces or to metal oxides, accounting for their uses as corrosion inhibitors, lubricant additives, adhesion promoters and pigment dispersants.
The structural motifs of phosphinate ligands listed in Figures 3 and 4 are very similar to those which are possible for carboxylate ligands [97, 98] and consequently there are similarities in their coordination chemistry. However, based on the occurrence of structures in the CSD, the propensity to form polymeric complexes using M-O-X-O-M links (based on motif E etc.) appears to be more pronounced for phosphinates. It is possible that the tendency to form "high density" polynuclear clusters partly accounts for the relatively few examples of "open" polynuclear (MOF-type) structures, but it is also possible that there have been fewer attempts to synthesise phosphinate-containing MOFs than carboxylate analogues.
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Appendix. A listing of the CSD codes of complexes containing phosphinates with the binding motifs A -L shown in Figure 3 . Structures containing motifs M and N involving dimeric ligands (Figure 4) are included in the counts of complexes containing their components, A and D. Some CSD codes appear more than once in the table because these structures contain phosphinates with more than one binding motif.
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